B
ronchopulmonary dysplasia (BPD), or chronic lung disease of the neonate, is a disease of preterm infants, characterized by airway injury, inflammation, and prolonged need for oxygen and ventilator therapy (1) (2) (3) . It predominantly occurs among infants born very early or very low birthweight (VLBW), with the majority of cases occurring among infants born at o28 weeks of gestation or o1,500 g (1, 4) . Although there are known risk factors for BPD, such as lower birthweight, younger gestational age at birth, and male sex, much of the risk profile is still unexplained (5) . The "classic" form of BPD primarily due to trauma caused by mechanical ventilation described by Northway and colleagues has become less frequent (2) . However, there is an increasing number of preterm infants who develop a different form of lung injury of so-called "new BPD," which may be more attributable to inflammatory processes both in utero and after birth, leading to longer hospitalization and potential long-term adverse outcomes (2, 4, (6) (7) (8) . Known contributing proinflammatory exposures include, for example, chorioamnionitis, neonatal sepsis, and oxygen exposure via ventilation (6, 7, (9) (10) (11) .
Maternal obesity is also a pro-inflammatory exposure. It increases the risk of a variety of adverse maternal and neonatal outcomes, such as preterm delivery, especially very early preterm delivery (e.g., o30 weeks), preeclampsia, postpartum hemorrhage, and neonatal hypoglycemia (12) (13) (14) (15) (16) . Research suggests that it predisposes offspring to an increased risk of adverse outcomes during childhood as well, such as insulin resistance, high blood pressure, and respiratory illnesses such as asthma (17, 18) . Many mechanisms have been proposed to contribute to these associations, including alterations in maternal and offspring immune and inflammatory responses (17) . Although less frequently studied, maternal underweight BMI is also associated with an increased risk of preterm birth and other adverse outcomes (19) .
Our hypothesis is that extremes of maternal BMI are associated with compromises in the in utero environment, such as an altered inflammatory response, which in turn may increase the vulnerability of at-risk newborns to develop BPD, a condition that is mediated partly by in utero inflammation. To address this hypothesis, we examined whether maternal prepregnancy BMI was associated with the risk of development of BPD among infants born at o30 weeks gestation, using data on California births from 2007 to 2011.
METHODS
The California Perinatal Quality Care Collaborative (CPQCC) collects data from 136 neonatal intensive care units (NICUs) in California, representing more than 95% of very low birthweight (o1,500 g) infant admissions across the state (20) . CPQCC data collection is based on an expanded version of the Vermont Oxford Network data set, which has developed standard definitions of morbidities in NICU patients (21) . CPQCC and the Vermont Oxford Network are interdisciplinary networks of practice engaging in 1 improving care for patients in NICUs by using data collected at each unit in order to allow for comparisons of outcomes over time, with other centers, and following quality improvement activities. Member NICUs collect data on their patients in a prospective manner, with each record undergoing logic and missing data checks. For the current analysis, CPQCC data were linked to data from the Office of Statewide Health Planning and Development (OSHPD), which consolidates all of California's hospital discharge data and vital statistics data. The rationale for linking these data sets is that while CPQCC collects detailed clinical data that would be more accurate than administrative data for conditions such as BPD, it does not include certain maternal data such as BMI, which are available in OSHPD data files. In addition to other eligibility criteria, CPQCC collects data on all infants in member NICUs who had very low birthweight or were born at 22-29 weeks of gestation. We limited our analysis to patients who were inborn or transferred to the hospital within 2 days of birth and 22-29 weeks of gestation at delivery. Using these criteria, greater than 99% of eligible CPQCC records were linked to OSHPD data.
We examined all births that occurred from 1 January 2007 to 31 December 2011-the most recent years for which data were available. BPD was defined as any infant requiring continuous supplemental oxygen at 36 weeks' postmenstrual age or at discharge to home, whichever occurred earlier; these data were collected by CPQCC and are based on the definitions developed by the Vermont Oxford Network. We excluded infants who died before 36 weeks' postmenstrual age; had they survived, their risk of development of BPD may have been relatively high, but is ultimately uncertain. Gestational age was the obstetric estimate of gestation at delivery in weeks provided on the birth certificate. BMI was defined as selfreported maternal weight (kg) divided by height-squared (m 2 ), as reported on the birth certificate. Other covariates included maternal race/ethnicity, age, education, principal source of payment for delivery, and infant sex (5, 22) .
There were 2,580,178 live-born infants from 2007 to 2011. Of these, 19,560 infants had a gestational age of 22-29 weeks, with 18,828 having birthweight that was consistent with the published norms for gestational age (we excluded those with birthweights for gestational age that were below the 1st or greater than the 99th percentiles) (23) . Of those records, we excluded 1,460 infants who were not linked to CPQCC data, 2,015 infants who had major congenital malformations as per CPQCC definitions (24) , 81 outborn infants who were transferred to the hospital after 2 days of life, and 2,651 additional infants who died before 36 weeks' postmenstrual age, leaving 12,621 births eligible for analysis. Among these infants, 4,078 had BPD, 3,941 were on oxygen at 36 weeks' postmenstrual age, and 137 were on oxygen at hospital discharge at o36 weeks. A total of 7,863 infants did not have BPD and did not die before 36 weeks' postmenstrual age and were considered as "controls", and 680 infants were excluded because of unknown BPD status. After excluding case and control infants with missing data on any covariates and three subjects with maternal BMI 475, there were 3,456 BPD cases who survived to at least 36 weeks' postmenstrual age and 6,726 controls available for analysis. A total of 76.3% of cases and 74.6% of controls were singletons.
To estimate risks, we conducted logistic regression analyses that included the covariates mentioned above. We first examined BMI as a categorical variable, based on NIH/NHLBI guidelines (http://www. nhlbi.nih.gov/health/public/heart/obesity/lose_wt/bmi_dis.htm). We then examined models that included BMI as a continuous variable, as a test for linearity of association, and then added BMI-squared, as a test for nonlinearity of association. This approach avoids misclassification from categorization and makes full use of all actual values of the data. These results were examined for all cases together, as well as separately, for male and female infants, for infants born at 22-24 vs. 25-29 weeks of gestation, and by race/ethnicity. We also examined results after excluding mothers with prepregnancy or pregnancyassociated hypertension or prepregnancy or gestational diabetes. Approval to conduct these analyses was obtained from the California Committee for the Protection of Human Subjects.
RESULTS
Characteristics of infants with and without BPD are shown in Table 1 . Younger gestational age and male sex were more frequent among BPD cases. Maternal race/ethnicity, age, education, and principal payment source were similar for cases and controls. The association of categories of maternal prepregnancy BMI and risk of BPD is shown in Table 2 . After covariate adjustment, offspring of women with underweight I and obesity III status had an increased risk of BPD; the respective odds ratios (ORs) were 1.7 (95% confidence interval (CI) 1.3-2.1) and 1.3 (95% CI 1.01-1.6). The OR for underweight II/III women was 1.2 (0.7-1.9), but estimation in this group was limited by small sample size (28 cases).
Results from analyzing BMI as a continuous variable did not support a linear association of BMI with risk of BPD (P-values for BMI as a continuous term ranged from 0.56 to 1.00, in models that did not include a quadratic term, or BMI-squared). Results did support a nonlinear association, for all cases together, male infants, and infants delivered at 25-29 weeks of gestation (P-values for BMI-squared terms were all o0.01), but not for female infants (P = 0.11) or infants delivered at 22-24 weeks (P = 0.53). The models suggested that risks were elevated at both extremes of BMI (Figure 1 ). For example, among all infants, the ORs for the 1st percentile and 99th percentiles of BMI were 1.2 (95% CI 1.1-1.4) and 1.4 (95% CI 1.1-1.7), among male infants the respective ORs were 1.3 (95% CI 1.1-1.5) and 1.5 (95% CI 1.1-2.1), and among births at 25-29 weeks they were 1.2 (1.1-1.4) and 1.4 (1.1-1.8) (Figure 1) .
When examining racial/ethnic groups separately, nonHispanic whites were the only group for which results provided statistical evidence for a nonlinear association with BMI (BMI-squared Po0.01); the ORs for the 1st and 99th percentiles of BMI (i.e., 17.3 and 47.6 kg/m 2 ) were 1.4 (95% CI 1.1-1.7) and 1.6 (95% CI 1.0-2.6). Results were similar after excluding mothers with prepregnancy or pregnancyassociated hypertension, or prepregnancy or gestational diabetes (data not shown).
DISCUSSION
We hypothesized that in utero conditions associated with maternal BMI-and in particular high BMI-may result in negative effects on fetal development that would then translate to increased susceptibility of developing BPD after delivery. It is thought that multiple inflammatory insults occuring in utero and postnatally may together contribute to the development of BPD (25) . Obesity is associated with chronic inflammation in the mother and also possibly the fetus and newborn (17) . Using a large population-based data set, we found that high, as well as low, maternal prepregnancy BMI was associated with a modestly increased risk of the development of BPD.
Maternal BMI has been hypothesized to have a wide range of negative impacts on fetal programming and infant and child development (17, 18) . We are unaware of prior studies examining maternal BMI and BPD. We cannot confirm what mechanisms may contribute to our findings, but inflammation is one possibility for high-BMI patients. Underweight BMI tends to be associated with worse general health status and infant outcomes such as growth retardation and preterm delivery (19, 26, 27) ; mechanisms underlying its association with BPD are uncertain but merit further study.
The association of extremes of maternal BMI and BPD were stronger among infants born at 25-29 weeks and among male infants. It is possible that maternal BMI does not contribute to risk among the earliest-born infants, who are also at the highest risk of developing BPD. Alternative explanations include the more limited sample size among these infants and the fact that they have the lowest risk of surviving to 36 weeks and therefore decreased opportunity to have BPD diagnosed at 36 weeks. The stronger findings among male infants are interesting, given that sex-specific adaptations to an adverse uterine environment have been observed, especially with respect to inflammation. Males are more likely than females to be born preterm; one explanation is that the proinflammatory response is greater in male than female pregnancies exposed to infection (28) , which in turn is supported by the increased evidence of inflammation in placentas from male than female pregnancies (29). This Figure 1 . Association of the risk of bronchopulmonary dysplasia with maternal prepregnancy BMI, based on models that included BMI as a continuous variable and BMI-squared (as a test for nonlinearity of association), California, 2007-2011, overall and by infant sex and gestational age at delivery. Models included maternal BMI (kg/m 2 ), BMI-squared, race/ethnicity, age, education, and principal source of payment for delivery, and gestational age and infant sex if not stratified on those variables. (a) All subjects (3,456 cases and 6,726 controls, P-value for BMI-squared o0.01). information supports inflammation as a contributor to our findings.
A strength of this study is its population-based design within a racially/ethnically diverse population, which enhances its generalizability. Another strength is the collection of the BPD variable through CPQCC, where clinical data are collected by trained clinical personnel at each center, and the ability to link CPQCC data with vital records to obtain further information about the study subjects such as BMI.
An important limitation is the inability to diagnose BPD before 36 weeks' postmenstrual age (inherent to its definition), combined with substantial mortality (17%) before this age. If fetal or infant death is associated with maternal BMI and susceptibility to BPD, this could bias results; however, if for example babies born to mothers at the extremes of BMI are more likely to die and to be eventual cases, this would bias results toward the null. We did conduct an analysis that included deaths as cases (which resulted in 5,565 rather than 3,456 cases being included), and results were not substantially different. Our analysis relied on data linkage of clinical and administrative data sets. Infants with unlinked records were substantially more likely than those with linked records to have died (55% vs. 18%), have birthweight o750 g (51% vs. 30%), and be born at the earliest gestational age of 22 weeks (24% vs. 4%). However, unlinked records were similar on other factors (e.g., maternal BMI, age, parity) and comprised only 7% of all records, and thus we expect that their exclusion did not substantially influence our results. Another limitation of our study was that the duration of oxygen requirement was unknown, and therefore some cases of BPD may have been situations in which babies were on oxygen for acute complications around 36 weeks, but did not have BPD.
In conclusion, we provide evidence that low maternal BMI and high maternal BMI were associated with a modest increased risk of BPD. These findings support the notion that BPD is a multi-factorial disease that in some instances may have its origins in utero and provides some evidence that maternal inflammation may contribute to its development. Although preterm birth is the main risk factor for BPD, the recognition of maternal contributing factors may help us to better develop strategies for understanding its causes and identifying which infants are at risk, and eventual prevention and treatment.
